 373-383. 
Introduction
Reoviruses have been utilized extensively to study the mechanisms of virus-induced pathogenesis in vivo, particularly the brain, and in several in vitro systems (Schiff et al, 2006; Tyler, 1998) . Reoviruses comprise three serotypes (types 1 to 3). Viruses belonging to these serotypes possess very differing patterns of neurovirulence, with serotype 3 viruses (e.g., T3 Abney and T3 Dearing) typically infecting and inducing apoptosis in neurons (neuronotropic) while type 1 serotypes cause ependymitis and hydrocephalus and are considered non-neuronotropic (Schiff et al, 2006) .
Reovirus infection of mammalian cells can lead to the induction of interferon (IFN) with the capacity to induce IFN modulated by the particular strain and host in question (see Samuel, 1998) . IFNs are a multigene family of cytokines typically grouped as RJ Goody et al type I (IFN-α and IFN-β) or type II (IFN-γ ), although a third type (type III) has also recently been postulated (see Takaoka and Yanai, 2006) . Both type I and type II IFNs possess antiviral and immunomodulatory activities and mediate intracellular effects via the JAK-STAT (Janus-activated kinase-signal transducer and activator of transcription) pathway, although the precise mechanisms are known to differ between the two IFN types. Despite substantial evidence of IFN induction by various reovirus strains in a variety of host cell systems (see Samuel, 1998) , there has been little examination of the detailed signaling events triggered following this response. Recent studies of gene expression in immortalized cell lines following infection with type 3 reovirus strains have demonstrated reovirus-induced up-regulation of the gene encoding STAT1 (O'Donnell et al, 2006; Smith et al, 2006) . However, reovirus-induced effects on the JAK-STAT pathway have yet to be examined at the protein level and this is critical to understand the specific nature of host cell signaling responses to reovirusmediated IFN induction and how this may be linked to cellular survival. Furthermore, there has been no examination of IFN/JAK-STAT signaling responses in reovirus-infected neuronal populations, either in vitro or in vivo.
JAK and STAT1 signaling pathways have recently been shown to regulate inducible nitric oxide synthase (iNOS) expression and NO production in macrophages (Sareila et al, 2006) and proapoptotic mechanisms in cerebellar granule neurons (Loucks et al, 2006) . Recent studies in our laboratory have demonstrated induction of iNOS expression and elevated NO production in mouse brain following reovirus infection . Reovirusinduced mechanisms of apoptosis have been described in vivo in the brain (Oberhaus et al, 1998; Richardson-Burns et al, 2002; Richardson-Burns and Tyler, 2005) and in vitro in primary neuronal cultures (Richardson-Burns et al, 2002; Richardson-Burns and Tyler, 2004 ; for a recent review, see Clarke et al, 2005) . STAT1 may clearly represent a critical focal point for host cells in response to reovirus infection, with a potential role in the regulation of antiviral and proapoptotic responses. It is clear that JAK-STAT signaling following reovirus infection of the central nervous system (CNS) warrants further examination before the interplay between antiviral responses and apoptotic events in the CNS can be fully understood.
We now show that reovirus infection of primary neuronal cultures results in activation of JAK-STAT signaling cascade components. Similar results were found in brain following T3A reovirus infection of neonatal mice, demonstrating a JAK-dependent, IFN-like signaling response involving STAT1 phosphorylation and nuclear translocation. Pretreatment of neuronal cultures with antibody raised against murine IFN-α/β receptor subunit 2 (IFN-α/βR2) resulted in inhibition of T3A-induced STAT1 phosphorylation. In contrast, pretreatment with IFN-γ -or IFN-γ receptor subunit 2 (IFN-γ R2)-specific antibodies failed to inhibit phosphorylation induced by T3A. We wished to examine the importance of STAT1 up-regulation in the host antiviral response by the use of STAT1 gene-deficient mice. Mice lacking STAT1 suffered increased and accelerated mortality compared to wild-type controls following intracerebral inoculation (i.c.) of T3A and this effect correlated with higher viral titers in the brain. In addition, STAT1 gene-deficient mice were highly susceptible to the non-neuronotropic strain T1L with virus growth also increased in these mice compared to wild-type controls.
Results

Reovirus induces STAT1 up-regulation and activation in primary cortical neuron cultures
The role of JAK-STAT signaling following reovirus infection has not been well studied and the precise role of STAT1 in reovirus infection has yet to be evaluated either in vitro or in vivo. Tyrosine residue 701 (Y701) of STAT1 is a key site of phosphorylation and is required for STAT1's nuclear translocation and associated STAT1-dependent transcriptional activation. We used a STAT1 Y701-phospho-specific antibody to examine STAT1 activation in primary neuronal cultures by immunocytochemistry and western blot analysis. T3A infection of primary neuronal cultures resulted in a significant increase in the number of Y701-phosphorylated STAT1 (pY701)-positive cells by 24 h post infection, compared to mock-infected controls, with elevated numbers persisting until 48 h post infection ( Figure 1A-D) .
Western blot analyses confirmed findings from immunocytochemical studies, with T3A inducing Y701-phosphorylation of STAT1 at 18 to 24 h post infection ( Figure 1E ). Phosphorylated STAT1 (pY701) levels demonstrated an identical pattern of expression to total STAT1 levels in our cultures over the initial 24 h post infection with T3A. T1L also induced up-regulation and phosphorylation of STAT1 with peak levels obtained at 24 h post infection ( Figure 1E ).
Reovirus induces STAT1 up-regulation and activation in the brain of reovirus-infected neonatal mice
We wished to examine whether reovirus infection in vivo resulted in similar effects upon STAT1 to those seen in vitro. We used a previously described in vivo model by which 2-dayold Swiss Webster mouse pups were intracerebrally (i.c.) inoculated with T3A (1 × 10 3 plaque-forming units [PFU] ). Total and phosphorylated STAT1 levels were evaluated in whole-brain lysates collected from these mice at 4 and 8 days post infection. We again observed phosphorylation of STAT1 at Y701, in addition to S727 (a second site of phosphorylation also reported to be critical for full transcriptional activation of STAT1 [Wen et al, 1995] ) (Figure 2A ), indicating full activation. STAT1 phosphorylation was observed in brain lysates from 4 and 8 days post infection but was consistently detected at much lower levels in brain lysates collected from mice at 4 days post infection. We subsequently wished to confirm that STAT1 was translocating to the nucleus to exert transcriptional activity. We prepared nuclear and cytoplasmic fractions from T3A-and mock-infected neonatal mouse brains at 8 days post infection and probed these lysates for phosphorylated STAT1. We observed both nuclear and cytoplasmic localization of Y701- Figure 2 T3A induces STAT1 phosphorylation in the brain of neonatal mice following intracerebral inoculation. Two-day-old Swiss Webster mice were mock or T3A infected (1 × 10 3 PFU, i.c.) and sacrificed at 4 or 8 days post infection. Whole-brain lysates were prepared from each animal and samples were then probed by Western blot for STAT1 phosphorylated at either Y701 or S727 (A). Nuclear and cytoplasmic brain fractions were prepared from identically treated neonates after sacrifice at 8 days post infection. Subcellular brain fractions from mock-and T3A-infected animals were probed for pY701 and pS727 STAT1 (B). Images provide representative observations from a minimum of six animals sampled per treatment.
and S727-phosphorylated STAT1, indicating nuclear translocation ( Figure 2B ). As described in vitro, we observed dramatic up-regulation of total STAT1 protein levels in brain lysates of T3A-infected mice compared to mock-infected controls at 8 days post infection (data not shown).
Y701-Phosphorylated STAT1 is localized to areas of reovirus infection in the brain
We performed dual-label immunohistochemical staining of mock-and T3A-infected (1 × 10 3 PFU, i.c.) brain tissue, collected from mice at 8 days post infection, to examine colocalization of Y701-phosphorylated STAT1 and viral antigen. We observed no evidence of viral antigen or pY701 STAT1 staining in brain tissue from mock-infected animals ( Figure 3 ). Immunoreactivity for reovirus σ 3 protein, a marker of reovirus infection, was detected in the cingulate and frontal parietal cortices, hippocampus and thalamus ( Figure 3B , D, F, and H). Immunoreactivity for pY701 STAT1 was also detected in these same brain areas with a predominantly nuclear pattern of expression. However, staining for pY701-STAT1 and σ 3 antigen typically occurred in distinct, predominantly neuronal cells within the same brain regions, and only rarely was staining for pY701 STAT1 and viral antigen immunoreactivity colocalized in the same cell. Typically, activated, nuclear STAT1 was observed in cells surrounding reovirus-infected populations rather than within the infected population itself (Figure 3F , G), although there were isolated exceptions, as indicated ( Figure 3D ). Neuronal expression of pY701-STAT1 was confirmed in brain sections from T3A-infected animals by dual-label immunofluorescence staining for pY701-STAT1 with the neuronal marker microtubule-associated protein (MAP)-2 ( Figure 3J ).
Reovirus induces STAT1 activation via a JAK-dependent mechanism
Activation of STAT1 can be mediated via type I (IFN-α/β), or type II IFN (IFN-γ ) signaling. IFN-α/β binds to the IFN-α/β receptor and triggers autophosphorylation of JAK proteins (JAK1, JAK2, and TYK2), which consequently tyrosine-phosphorylate STAT1 and STAT2, which then dimerize and form the IFN-stimulated gene factor 3 (ISGF3) complex. IFN-γ acts by binding to the IFN-γ receptor and triggering activation of JAK proteins, which, together, tyrosine-phosphorylate STAT1 to form an active homodimer. JAK-independent mechanisms have also been described that lead to STAT activation (Leaman et al, 1996; Lee et al, 2006; Wanget al, 2006) , thus we wished to confirm that JAK activation was involved in STAT1 activation. We examined wholebrain lysates of mock-and T3A-infected animals for Y1007/1008-phosphorylated JAK2 (pJAK2) to further examine this. We found no evidence of JAK2 activation in brain lysates from mock-infected animals. However, we consistently observed pJAK2 in lysates of T3A-infected brains at 8 days post infection (Figure 4A) . Consequently, we examined the effect of the JAK inhibitor AG-490 on reovirus-induced STAT1 up-regulation and activation in vitro. Primary neuronal cultures were treated with 50 μM AG-490 immediately prior to infection with T3A, T3D, or T1L (multiplicity of infection [MOI] = 100). Total STAT1 and pY701 STAT1 levels were assessed in wholecell lysates at 24 h post infection ( Figure 4B ). T3A and T3D both induced similar levels of phosphorylation at Y701 although T1L only weakly induced STAT1 phosphorylation. AG-490 (50 μM) inhibited STAT1 phosphorylation at Y701 induced by all three reovirus strains tested.
STAT1 is activated via an IFN-α/β-dependent mechanism
Recent studies have suggested that STAT1 can be activated independently from IFN-triggered signaling responses but still involving JAK activation (Severgnini et al, 2004; Simon et al, 1998; Tacchini et al, 2002) . To confirm involvement of IFNs in JAKmediated STAT1 activation, we examined the effect of inhibiting IFN activity on T3A-induced STAT1 activation. Similar to T3A, recombinant murine IFN-γ (50 ng/ml) induced STAT1 phosphorylation at Y701 by 24 h post infection ( Figure 5A ). Pretreatment with anti-murine IFN-γ antibody (10 μg/ml) for 4 h resulted in the inhibition of recombinant IFN-γ -induced STAT1 phosphorylation at Y701 ( Figure  5A ). In contrast, IFN-γ antibody pretreatment had no effect on T3A-induced STAT1 phosphorylation. Pretreatment of neurons with anti-murine IFN-α/βR2 antibody (10 μg/ml) for 24 h prior to infection resulted in the inhibition of T3A-induced STAT1 phosphorylation ( Figure 5B ). The same pretreatment regimen with anti-murine IFN-γ R2 prior to infection had no effect on T3A-induced STAT1 phosphorylation ( Figure 5B ).
STAT1 gene-deficient neonatal mice have increased mortality following reovirus infection
We examined the importance of STAT1 in the host response to reovirus infection using STAT1 genedeficient mice and their syngeneic controls. Newborn STAT1-deficient and wild-type pups were transferred Figure 4 Phosphorylation of STAT1 at Y701 is mediated via JAK activation. Whole-brain lysates were prepared from mock-and T3A-infected (1 × 10 3 PFU, i.c.) mice at 8 days post infection and probed, by Western blot, for activated JAK2 (using an antibody specific for Y1007/1008-phosphorylated JAK2) and cleaved caspase-3. Phosphorylated JAK2 could only be detected in brain lysates from T3A-and not mock-infected animals (A) and this observation correlated with the presence of the apoptotic marker cleaved caspase-3. The contribution of JAK was also examined in whole-cell extracts from mock-and reovirus-infected primary cortical neurons in the presence and absence of the JAK inhibiter AG-490 (50 μM). Treatment with AG-490 at the time of infection completely blocked activation of STAT1 and up-regulation of total STAT1 protein levels (B). Blots provide representative examples of four repeat studies in brain and neuronal culture lysates.
to surrogate Swiss Webster mothers. Mice were inoculated i.c. with 1 × 10 2 PFU of virus at 2 days of age and monitored twice daily thereafter. Mice lacking STAT1 demonstrated accelerated mortality compared to wild-type controls following T3A infection ( Figure 6A ) with all inoculated gene knockout mice dying within 11 days of infection (median day of death for wild-type = 14.0; for STAT1 mutants = 9.0; P = .019). Interestingly, we also observed dramatic differences between wild-type and STAT1 gene-deficient animals following T1L infection. The LD 50 for T1L in immunocompetent mice is ≥ 1 × 10 7 PFU/mouse (Tyler et al, 1993) . There was 100% mortality in STAT1 gene-deficient animals infected i.c. with 1 × 10 2 PFU of T1L by 9 days post infection (median day of death = 8.0) ( Figure 6A ). We examined viral growth in the brain of infected animals and found significantly (approximately 10,000-fold) higher titers of both T3A (P = .049) and T1L (P = .041) in the brains of STAT1-deficient animals than wild-type controls ( Figure 6B, C) .
Viral spread is not altered in the brain of mice lacking STAT1 gene expression
Observations indicating significantly higher brain titers of T3A and T1L in STAT1 gene-deficient mice raise the question of whether viral spread or tropism within the brain is altered in these mice compared to syngeneic controls. We therefore chose to examine the localization of viral antigen in both wild-type and mutant animals 7 days after i.c. inoculation with 1 × 10 2 PFU of T3A or T1L. In T3A-infected wildtype animals, viral antigen was distributed in the expected and previously described brain areas, namely the cingulate and frontal parietal cortices, thalamus (data not shown), and hippocampus ( Figure 7D, E) . In T3A-infected STAT1 gene-deficient animals we again observed the same pattern of localization, although the intensity of staining was especially high in the hippocampus when considering these mice were only at 7 days post infection ( Figure 7A, B) . Interestingly, despite the intense staining in these areas there was little evidence of major brain pathology in these areas by this time ( Figure 7C ). We are currently investigating whether the absence of pathology simply reflects this earlier time point post infection at a relatively low inoculation dose or if this is a direct consequence of STAT1 deficiency on mechanisms of pathology. In T1L-infected mice we saw no dramatic difference in viral spread within the brain between wild-type and STAT1 gene-deficient mice at 7 days post infection ( Figure 7G , H) and we found little evidence of CNS injury in STAT1 gene-deficient mice at this time ( Figure 7I ). Neuronal localization of viral antigen was evaluated by dual-label immunofluorescence staining with MAP-2. Following T3A infection, viral antigen was predominantly distributed in neuronal populations, whereas in T1L-infected animals viral antigen showed no evidence of localization within neuronal populations (data not shown).
Discussion
Our results demonstrate that reovirus infection of primary neuronal cultures or intracerebral administration of neuronotropic strains into neonatal mice results in the dramatic up-regulation of STAT1 protein levels. Recent studies using oligonucleotide arrays have indicated that STAT1 gene expression is elevated in reovirus-infected L929 mouse fibroblasts (Smith et al, 2006) and both STAT1 and STAT2 gene expressions are up-regulated in reovirus-infected HeLa cells (O'Donnell et al, 2006) ; however, our study provides the first examination of STAT1 protein levels following reovirus infection and offers the only evidence of STAT1 dysregulation in neuronal populations following reovirus infection.
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Figure 5
Pretreatment with interferon-specific antibodies has differing effects on T3A-induced STAT1 phosphorylation. Cortical neuron cultures were mock or T3A infected (MOI of 100) following 4 h pretreatment with antibody directed against IFN-γ (10 μg/ml) (A). Whole-cell extracts were collected for Western blot analysis at 24 h post infection and probed for Y701-phosphorylated and total STAT1 protein levels. Recombinant IFN-γ (50 ng/ml) and T3A both induced up-regulation of total STAT1 levels and phosphorylation at Y701. Recombinant IFN-γ -induced STAT1 phosphorylation was inhibited by pretreatment with IFN-γ -directed antibody, although total STAT1 protein up-regulation remained unchanged. T3A-induced STAT1 phosphorylation and total STAT1 up-regulation was not inhibited by IFN-γ antibody pretreatment. Primary cortical neuron cultures were pretreated for 24 h with 10 μg/ml of antibody raised against IFN-γ R2 or IFN-α/βR2 before infection with T3A (MOI = 100) (B). Whole-cell extracts were prepared 24 h post infection and probed for STAT1 activation. T3A-induced STAT1 phosphorylation was unaffected by pretreatment with IFN-γ R2 antibody, similar to observations with IFN-γ antibody. Pretreatment with IFN-α/βR2 resulted in inhibition of T3A-induced STAT1 phosphorylation with no major changes in total STAT1 levels. Images provide representative observations from a minimum of four replicates per treatment.
Phosphorylation of STAT1 at tyrosine residue 701 (Y701) and serine 727 (S727) are key events required for STAT1 dimerization, nuclear translocation, and transcription factor activity (Kovarik et al, 2001; Shuai et al, 1993) . In the current studies we have demonstrated phosphorylation of STAT1 at both Y701 and S727 in the brain of neonatal mice and in primary neuronal cultures following reovirus infection. Furthermore, we have demonstrated the presence of pY701-STAT1 in nuclear fractions of infected neonatal mouse brain by Western blot and in nuclei around areas of virus-induced CNS injury by immunohistochemical staining. In addition, our in vitro and in vivo studies have both demonstrated nuclear expression of pY701-STAT1 in predominantly neu- ronal populations, as confirmed by colocalization of pY701-STAT1 immunoreactivity with MAP-2, a neuronal marker. An interesting feature of pY701-STAT1 localization in the T3A-infected mouse brain was the proximity of activated STAT1 to areas of viral injury and viral antigen but with a general absence of specific colocalization of pY701-STAT1 and σ 3 immunoreactivities. These findings somewhat contrasted in vitro observations where phosphorylated STAT1 was consistently observed in infected populations. Our findings raise the question of whether T3A can block or switch off STAT1 phosphorylation or whether T3A spreads only to neural populations without STAT1 already activated. Protein inhibitors of activated STAT proteins (PIAS proteins) and suppressors of cytokine signaling (SOCS) are two endogenous groups of proteins capable of negative feedback on JAK-STAT signaling and we are currently investigating whether these are involved in the apparent block of STAT1 activation within reovirus-infected populations in vivo.
Activation of STAT1 is typically achieved either via IFN-α/β-or IFN-γ -mediated mechanisms and results in the phosphorylation and dimerization of Figure 7 Reovirus localizes to similar brain regions in STAT1 gene-deficient mice. Newborn STAT1 gene-deficient mouse pups and syngeneic controls (129SvEv) were T3A or T1L infected at 2 days of age with 100 PFU of virus. Brain injury was evaluated in H&E-stained sections and adjacent sections stained with monoclonal antibodies specific for σ 3 (clone 4F2 for T3A-infected animals) or σ 1 (clone 5C6 for T1L-infected animals) with fluorescein-conjugated anti-mouse secondary antibody used to visualize labeling (A, B, D, E, F, G) . Images represent H&E (C, F, I ) and dual-label immunofluorescence (A, B, D, E, G, H) staining in the hippocampus of wild-type (+/+) and STAT1 gene knockout (−/−) mice at 25× (A), 100× (D, G-I), and 400× (B, C, E, F) original magnification. Viral antigen staining was not distributed differently between +/+ and −/− animals, although the frequency of immunoreactive populations was higher in −/− animals in hippocampal areas compared to +/+ groups. Viral antigen localization was predominantly neuronal in T3A-infected animals (B, D) and non-neuronal in T1L-infected mice (G).
STAT1 either with STAT2 (type I) or formation of a STAT1 homodimer (type II), followed by nuclear translocation and initiation of transcriptional activity (see Chesler and Reiss, 2002; Takaoka and Yanai, 2006) . Our studies in brain lysates from T3A-infected mice found evidence of JAK2 activation (as shown by the detection of Y1007/1008-phosphorylated JAK2 in brain lysates at 8 days post infection), suggesting JAKs play a role in reovirus-induced STAT1 activation. Application of the JAK inhibitor AG-490 highlighted a critical role of JAKs in STAT1 activation, demonstrating complete inhibition of reovirus-induced STAT1 phosphorylation in neuronal cultures. Interestingly, AG-490 also blocked up-regulation of total STAT1 protein levels, perhaps reflecting a positive feedback loop through JAK-dependent pathways to regulate STAT1 production. Although STAT1 can be strongly activated by IFNs, STAT proteins can also be activated by oxidative stress (Severgnini et al, 2004; Simon et al, 1998; Tacchini et al, 2002) . Our recent studies demonstrated induction of iNOS expression and elevated NO production in the mouse brain following neurotropic reovirus infection . Expression of iNOS and increased NO production has demonstrated regulation by a JAK-STAT RJ Goody et al signaling mechanism with AG-490 able to inhibit IFN-γ -induced iNOS expression and NO production in macrophages via inhibition of JAK-STAT signaling (Sareila et al, 2006) . Based on the potential contribution of oxidative stress to STAT1 activation, we examined the role of IFNs in activation of JAK-STAT signaling following reovirus infection. Pretreatment of neuronal cultures with antibody raised against IFN-γ inhibited Y701-phosphorylation of STAT1 induced by recombinant IFN-γ . However, the same pretreatment regimen had no effect on T3A-induced STAT1 phosphorylation at Y701, thus suggesting that T3A induces STAT1 activation in the brain and neuronal cultures via an IFN-γ -independent mechanism. A role for IFN-α/β in T3A-induced STAT1 phosphorylation was confirmed by the inhibition of T3A-induced phosphorylation of STAT1 following pretreatment with antibody raised against IFN-α/βR2. In the same experiments, pretreatment with IFN-γ R2 antibody had no effect on T3A-induced STAT1 phosphorylation, confirming that type II IFN signaling is unlikely to be involved in reovirus-induced JAK-STAT signaling. Phosphorylation of STAT2 at Y689 was also observed in primary neuronal cultures following T3A infection (data not shown), suggesting a STAT1-STAT2 heterodimer may be formed, which would further support our evidence of a type I IFN signaling response. We are currently investigating these observations more closely to confirm whether there is a link between JAK-STAT signaling and reovirus-induced iNOS expression and increased NO production. STAT1-deficient mice, when initially described, showed increased susceptibility to infections (Durbin et al, 1996; Merazet al, 1996) . However, although absence of the STAT1 gene clearly diminishes the antiviral response, not all models of viral infection have demonstrated increased lethality in mice lacking the STAT1 gene. For example, intracranial inoculation of mice with lymphocytic choriomeningitis virus (LCMV) is lethal in wild-type mice by 6 to 8 days post infection (Ousman et al, 2005) . In STAT1 gene knockout mice LCMV produced lethal disease between 7 and 14 days post infection (Ousman et al, 2005) . A critical role for STAT1 has also been described in vesicular stomatitis virus (VSV) infection (Chesler et al, 2004) . IFN-γ treatment of a neuroblastoma cell line inhibits VSV growth via a NOS-dependent pathway and Chesler and co-workers (2004) recently demonstrated that STAT1 activation is required for this mechanism of VSV inhibition to occur (Chesler et al, 2004) .
Following T3A infection, STAT1 knockout mice suffered accelerated mortality compared to wild-type animals and this was accompanied by increased viral titers in the mutant animals. Despite these observations, viral spread within the CNS was not grossly altered. Neuronal infection is not a typical feature of T1L infection, which is more commonly associated with ependymitis and hydrocephalus (Tyler, 1998) .
The LD 50 of T1L following i.c. inoculation is approximately 10 7 PFU/mouse in neonatal mice (see Tyler, 1998) and it was therefore surprising to observe such rapid onset of fatal disease in T1L-infected STAT1 knockout mice with challenge doses of 1 × 10 2 PFU. Viral titers were significantly higher (750-fold) in the brain of these animals than syngeneic controls; however, viral tropism within the CNS was not altered with viral antigen observed predominantly in ependymal cells, as has previously been described in wild-type animals (see (Tyler, 1998) ).
In conclusion, the findings presented here provide the first evidence of JAK-STAT signaling in neuronal cultures and brain tissue of neonatal mice following reovirus infection. A critical role for JAK activation and IFN-α/β activity in T3A-induced STAT1 phosphorylation is suggestive of a classical type I IFN signaling pathway. In mice lacking the STAT1 gene we observed dramatically higher mortality rates following type 3 and type 1 reovirus infection and this corresponded with significantly higher viral titers in the brain. We are currently investigating the role of oxidative stress elements in the initiation of JAK-STAT signaling pathways in the brain and the precise role STAT proteins play in reovirus-induced apoptosis.
Materials and methods
Cell lines and viruses
L929 mouse fibroblasts (ATCC CL1) were used for viral titer assays and were maintained in 2X199 medium supplemented with 10% heat-inactivated fetal bovine serum and 4 mM L-glutamine for these studies.
Reovirus strains type 3 Abney (T3A) and Dearing (T3D) and type 1 Lang (T1L) are laboratory stocks which have been plaque purified and passaged (twice) in L929 cells to generate working stocks (Tyler et al, 1996) . Virus infections in vitro were performed at a multiplicity of infection (MOI) of 100 to ensure that 100% of susceptible cells were infected and to maximize the synchrony of viral replication.
Primary cell culture
Primary neuronal cultures were prepared from the cortices of embryonic day 16 Swiss Webster Hsd:nd4 mice (Harlan-Sprague Dawley, Indianapolis, IN) as described previously . Briefly, fetuses were removed aseptically by cesarean section, brains removed, and cortices dissected. Cortices were dissociated by trituration in Neurobasal medium supplemented with 1% fetal bovine serum (FBS) and L-glutamine (0.6 mM) and viable cells plated at a density of 1 × 10 6 cells per well on to poly-D-lysine-coated 6-well plates (Biocoat; Becton Dickinson, Franklin Lakes, NJ) for Western blotting. For immunocytochemical studies, cells were plated at a density of 5 × 10 4 cells per well on to poly-Dlysine-coated coverslips (Biocoat).
Cultures were plated out and maintained in serumfree Neurobasal medium supplemented with B-27 nutrient supplement (2% v/v), antibiotic/ antimycotic (penicillin/streptomycin; 1000 units/ml), and L-glutamine (0.6 mM). All studies were performed on primary neuronal cultures at 7 to 9 days in vitro. All culture media and supplements were purchased from Invitrogen unless stated otherwise.
Cortical neurons were characterized both morphologically and immunocytochemically using a mouse monoclonal antibody directed against microtubuleassociated protein-2 (MAP-2; 1:100; Abcam). Primary neuronal cultures were typically comprised of 90% to 95% neurons. Drugs AG-490 (Tryphostin) was purchased from Sigma Aldrich (St. Louis, MO). AG-490 has been shown to exert inhibitory activity against both JAK1 and JAK2 (Yamauchi et al, 2006) . IFN-γ and murine IFN-γ -, IFN-γ R2-, and IFN-α/βR2-specific antibodies were purchased from R&D systems (Minneapolis, MN).
Subcellular fractions
Brains were dissected from mice at 4 and 8 days post infection and stored in 1 ml sterile phosphatebuffered saline (PBS) at −80
• C. Samples were thawed, PBS removed, and subcellular fractions prepared, as described previously (Spencer et al, 2000) . Briefly, tissue was homogenized in a dounce homogenizer with 500 μl of homogenization buffer (50 mM Tris HCl, 6 mM MgCl 2 , 1 mM EDTA, 10% w/v sucrose, 3 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride [PMSF], 5 μg/ml leupeptin, 1 μg/ml pepstatin A, 1 μg/ml antipain, 1 μg/ml aprotinin, and 1 μg/ml soybean trypsin inhibitor). Samples were centrifuged at 2000 ×g for 5 min. Supernatant was removed, further centrifuged at 105,000 ×g for 30 min, and the subsequent supernatant isolated and stored at -80
• C to provide the cytosolic fraction. The pellet produced following the first centrifugation step was washed twice before incubating on ice with 250 μl of homogenization buffer containing 0.5 mM NaCl for 1 h. At the end of the hour samples were centrifuged at 8000 ×g for 10 min and final supernatant transferred to a fresh Eppendorf tube and stored at −80
• C to provide the nuclear fraction. Nuclear and cytoplasmic fractions were mixed with 250 μl of Laemmli buffer and boiled for 5 min before Western blot analysis.
Western blotting
Whole-cell extracts were prepared from primary neuronal cultures as described previously following viral infection . Whole-brain lysates were also prepared as has previously been described . Lysates were boiled for 5 min and electrophoresed (Hoefer Pharmacia Biotech, San Francisco, CA) in 10% or 12% tricine/polyacrylamide gels at a constant voltage of 70 V through the resolving gel. Proteins were electroblotted onto Hybond-C nitrocellulose membranes (Amersham Biosciences) and immunoblotting performed as described previously (Poggioli et al, 2000) . Immunoblots were probed with antibodies directed against STAT1, phosphorylated STAT1 (Y701 and S727) (Cell Signaling Technology, Danvers, MA), and actin (Calbiochem, Sunnyvale, CA).
In vivo studies Two-day-old Swiss Webster pups were pooled together from multiple litters and split randomly amongst surrogate mothers (8 to 10 pups per litter). Pups were intracerebrally (i.c.) inoculated with 1 × 10 3 plaque-forming units (PFU) of virus (T3A) in a 10-μl volume as described previously (RichardsonBurns et al, 2002) . At 8 days post infection mice were sacrificed and brain tissue removed for histological studies or organ lysates. STAT1 gene-deficient mice (129S6/SvEv tm1Rds ; Taconic, Hudson, NY) and syngeneic controls (129S6/SvEv) were bred, providing homozygous STAT1-deficient and wild-type offspring, respectively. At 2 days of age, pups were transferred to Swiss Webster surrogates before viral infection. Pups were inoculated i.c. with T3A or T1L (1 × 10 2 PFU). Mice were examined and weighed daily. All experiments performed conformed to local institutional animal care and use committee (IACUC) guidelines on the ethical use of animals.
Histological studies
Brain tissue was fixed in 10% formalin for 20 h at room temperature. Tissue was transferred to 70% ethanol before paraffin embedding and cutting of sections. Coronal brain sections (4 μm thick) were prepared and deparaffinized in xylene and rehydrated in consecutive 100% to 80% ethanol washes. Antigen retrieval was performed using 10 mM citrate buffer (pH 6.0). Tissue sections were permeabilized in Neuropore (Trevigen, Gaithersberg, MD) overnight at 4
• C and blocked in 10% normal goat serum (NGS; in 1× Tris-buffered saline with 0.1 % TWEEN [TBST]) for 6 h at room temperature. Sections were incubated overnight at 4
• C with rabbit polyclonal antibodies directed against Y701-phosphorylated STAT1 (Cell Signaling Technology) diluted in 3% bovine serum albumin in TBST. Following washes with TBST, sections were incubated with fluorescein-conjugated goat anti-rabbit antibody (1:100; Vector Laboratories) diluted in 10% NGS/TBST for 2 h at room temperature. For dual-label studies, tissue sections were incubated with a reovirus σ 3-specific monoclonal antibody (Virgin et al, 1991 ) (4F2; 1:100 in 10 % NGS) or reovirus σ 1-specific monoclonal antibody (Virgin et al, 1991 ) (5C6; 1:100 in 10 % NGS) overnight before washing with TBST, incubating with Texas Red-conjugated goat anti-mouse secondary antibody (1:100; Vector Laboratories) for 2 h, washing again with TBST and incubating for 20 min with 1 μg/ml Hoechst 33342 (Invitrogen). Sections were RJ Goody et al mounted using VectorShield (Vector Laboratories). Immunostaining for digital immunofluorescence was visualized using a Zeiss Axioplan 2 digital deconvolution microscope with a Cooke Sensicam 12-bit camera.
Viral titer assays
Tissues prepared for determination of viral titer were immediately transferred to 1 ml of sterile PBS upon removal and stored at −80
• C. Samples were freezethawed on three separate occasions before sonication.
